Abstract: This work is intended to develop a software-defined Global Positioning System (GPS) receiver specifically designed to process reflected GPS signal off the ground or the ocean surface for purpose of remote sensing. A set of airborne campaign was conducted to evaluate the performance of the prototype GPS reflectometry receiver. The reflected signal was tracked in open-loop manner using the so called delay mapping receiver. The result shows that the prototype receiver was capable of providing altimetric measurements with a precision level of the order of few meters with an unknown system bias which should be estimated.
INTRODUCTION
It has been shown that the reflected GPS signal off the ocean surface contains information that can be used to determine important quantities in oceanographic, which include sea state, sea wind, and sea height. This new technique is generally known as GPS reflectometry or scatterometry. Unlike most radar-based ocean remote sensing systems that are actively transmitting radar pulses and then detecting the received power of the backscattered radiation, GPS reflectometry uses passive signals transmitted from GPS satellites in a bi-static radar geometry shown in Fig. 1 . Since the signal source is always externally available, an airborne or spaceborne GPS receiver connected to a down-looking antenna can collect reflected signals. This reduces the size and power consumption of the sensor and allows for carrying on small platforms. This unique technique of ocean remote sensing was first introduced by Martin-Neira at European Space Agency, and the idea was officially put forward as part of the Passive Reflectometry and Interferometry System (PARIS) project [1] . Figure 2 illustrates the concept of ocean altimetry using bi-statically reflected GPS signals. The GPS altimetry uses two reception antennas. One of them is oriented to skyward to receive the direct signal from a satellite. The other is oriented to downward to collect the return echo of the same signal reflected off the ocean surface. The sea surface height can be calculated by measuring the GPS code delay between the two. 
Fig. 2 GPS altimetry concept
The ultimate goal of our research is to implement a GPS reflectometry sensor onboard a low Earth orbit (LEO) satellite that can measure the sea height for tsunami detection. Several spacecraft experiments demonstrated the feasibility of spaceborne reflectometry using GPS signal [2, 3] . It was also reported that a constellation of 10 small LEO satellites carrying GPS bi-static radars could be used for global monitoring of sea height in order to detect a tsunami [4] .
Our first step toward this goal is the design and implementation of a GPS receiver capable of capturing raw data stream of direct and reflected signals for post-processing. The device is highly portable and can be carried by small platforms. Some advanced signal processing algorithms were also implemented to process reflected signals diminished by scattering from a large area of the ocean surface. The prototyped receiver and signal processing software had been tested on ground by capturing the reflected signals off the river surface from the Aioi Bridge over the Sumida River. The altimetry results showed that the developed GPS sensor was capable of providing an averaged height error of better than one meter [5] .
In order to evaluate the receiver performance from much higher altitude, we conducted a set of airborne campaign. The reflectometry instrument was mounted on a Cessna aircraft and flew over a GPS buoy located about 13 km offshore from the Muroto Promontory, Kouchi, Japan. In this paper, preliminary airborne test results will be discussed, along with the design and development of the GPS reflectometry receiver and signal processing software.
GPS REFLECTOMETRY RECEIVER
2.1 Software-Defined GPS Receiver Figure 3 illustrates the block diagram of the typical GPS receiver. Many GPS front-ends on the market today are designed to provide 2-to 4-bit digitally sampled intermediate frequency (IF) data for baseband processing. The GPS baseband processor combines a multi-channel correlator and a microcontroller, which performs the basic receiver operations including signal acquisition, tracking, and navigation to provide position, velocity, and time (PVT) to the user. The software-defined GPS receiver replaces whole the baseband processor functions with software-based signal processing algorithms. The typical configuration of the software-defined GPS receiver is shown in Fig. 4 . The digitized IF signals are now stored in a mass storage device. The baseband processing will then be done by software. Although the software-defined receiver consumes a large amount of storage space and signal processing power, the flexibility of the software implementation of all the baseband functions allows us rapid prototyping and modifications of GPS signal processing algorithms.
Hardware Design
As shown in Fig. 4 , the only hardware module of the software-defined GPS receiver is the front-end. The prototype GPS reflectometry receiver consists of a pair of MAXIM MAX2741 L1-band GPS front-ends. The MAX2741 is a dual-conversion front-end converting 1575.42 MHz GPS L1 signal to a 3.78 MHz IF. An integrated 2-bit ADC samples the IF at a rate of 16.8 MHz. The two separate front-ends are driven by a common reference temperature controlled crystal oscillator (TCXO). With the common reference clock, signals from two distinct front-ends can be sampled simultaneously. The digitized IF samples will then be transferred to the host PC by a universal serial bus (USB) 2.0 device. The USB interface is built around an EZ-USB FX2 from Cypress Semiconductor, which offers a highly flexible and configurable General Programmable Interface (GPIF) to achieve the maximum USB 2.0 high-speed bandwidth. The EZ-USB FX2 allows continuous transfer of IF data into the host PC and eventually storage on a hard disk for post-processing. Figure 5 shows the prototype reflectometry receiver having two antenna ports for direct and reflected signal reception. 
Signal Processing Software
The reflected signal is diminished by scattering from a large area of the ocean surface and generally has very low signal-to-noise ratio. Due to the weak nature of the reflected signal, continuous tracking is very difficult.
On the other hand, the direct signal received by the skyward antenna is strong enough and easy to detect. Thus, the tracking loop of the reflected signal uses the code delay and Doppler frequency information obtained form the tracking loops for the direct signal to predict the code delay and Doppler frequency of the reflected signal in open-loop manner. This open-loop concept is known as the delay mapping receiver [6] . Figure 6 illustrates the delay mapping receiver concept implemented to the prototype software-defined receiver. Instead of using traditional closed-loop signal tracking loops, the delay mapping receiver computes the correlation power at different chip spacing from the position of the predicted code delay using an array of correlator pairs. Each of these accumulates the results of the correlation between a replica signal and the in-phase and quadrature components of the IF samples of the reflected signal received by the down-looking antenna.
AIRBORNE EXPERIMENT

Muroto Promontory Flight
A set of airborne campaign was conducted to evaluate the performance of the prototype reflectometry receiver. A Cessna aircraft, equipped with the reflectometry instrument, flew over a GPS buoy located about 13 km offshore from the Muroto Promontory, Kouchi, Japan, at the altitude of about 300 m. Figure 7 shows the down-looking LHCP (left-hand circular polarized) antenna mounted on the bottom of the aircraft to capture reflected signals. Since the GPS satellites transmit RHCP (right-hand circular polarized) signals, the reflected signals tend to have opposite polarization. A skyward RHCP antenna was located on the roof of the aircraft to receive direct signals.
Fig. 7 Down-looking antenna for reflected signals
The two antenna ports of the reflectometry receiver were connected to the skyward and down-looking antennas, respectively. A redundant survey-grade dual-frequency receiver was also connected to the skyward antenna in order to obtain a reference trajectory of the aircraft.
The GPS buoy shown in Fig. 8 was developed by Earthquake Research Institute (ERI), The University of Tokyo, for real-time tsunami detection using real-time kinematic (RTK) GPS technology [7] . Precise buoy position was used as a reference height of the sea surface for this experiment. 
GPS Altimetry
Since the flight altitude is much smaller than the radius of the Earth, the sea surface observed by the reflectometry antenna can be modeled as a flat surface. Figure 9 illustrates the geometry of the GPS altimetry using the reflected signal off the ocean surface. The position of the aircraft can be obtained by the GPS receiver, and the elevation angle of the direct signal path can be calculated from the broadcast ephemeris. Using the geometric range difference, d, between direct and reflected signal paths, the altitude of the aircraft from the sea surface is expressed as follows:
The observation, D, from the delay mapping receiver can then be modeled by
where b is a hardware dependent system bias.
Altimetry Results
Precise aircraft trajectory and buoy position were obtained from kinematic solutions using carrier-phase measurements. The reference base station is located at Muroto Promontory, and baseline length is about 13 km. Because of its shot baseline length, the positioning accuracy can be expected around few cm when the integer ambiguities are properly solved. Figure 10 shows the flight path of the aircraft with respect to the buoy position. Since the aircraft flew by above the buoy for less than a minute, only a small portion of the observation was processed to evaluate the performance of the receiver. We also used only three GPS satellites, PRN08, PRN11, and PNR20, for data analysis although six satellites were visible during the flight. The reflected signals obtained from the other three satellites were severely deteriorated by multipath caused by the aircraft body. Figure 11 shows an example snap shot of the correlation curves of the direct and reflected signals of PRN11, which had the highest elevation angle. The reflected was reasonably strong, and a sharp triangular correlation curve was obtained from 10 ms incoherent integration. The delay mapping receiver provides the range difference between the direct and reflected signals by taking the code delay difference of the peak positions of these two correlation curves at every 10 ms. Figure 12 shows the code delay difference of PRN11 observed by the receiver and the reference range difference obtained from precise aircraft and buoy positions. The observed code delay difference shows clear offset from the reference in addition to the random noise error. Figure 13 shows the observation errors of all the three GPS satellites, and Table 1 Each has similar offset error, but it clearly depends on the elevation angle. Most part of the offset error is considered to be caused by the hardware delay of the receiver and must be common among the observations. Other than that common system bias, we still have nearly 9 m range differences among the observations, which have to be properly modeled or estimated.
The random noise level was as expected from the GPS L1 C/A code measurements and increased at lower elevation angles. The effect of non-random errors also increased in the observations from lower elevation satellites. The multipath caused by the aircraft landing gears and wing surfaces was considered one of main sources of such errors.
CONCLUSIONS
A prototype reflectometry receiver was designed and constructed for ocean altimetry, and its performance was evaluated by a set of airborne campaign. The accuracy of the code delay difference observations was assessed using reference range measurements obtained from the precise aircraft trajectory and the buoy position.
The results showed a few-meter random noise level of the code delay difference observations, that was as expected from the GPS L1 C/A code measurements with 10 ms incoherent integration. The random noise level could be improved by increasing the integration time period, but that might induce unnecessary bias errors due to the aircraft dynamics. In addition to the random noise errors, unknown bias errors were also detected. These have to be properly removed from the observations, and the error model development is considered in future work.
Although we still have many problems to be solved, the airborne experiment gave us better understanding of the reflected signal processing. An FPGA-based delay mapping receiver is currently under development for future high-altitude balloon and spaceborne GPS reflectometry missions.
